Introduction
============

High-density lipoprotein (HDL) particles are particles with a density of 1.063--1.210 g/ml that are composed of proteins and lipids ([@b1-ijmm-41-01-0061]). Compared with other lipoproteins, HDL contains a high level of protein. The protein/lipid ratio differs among HDL subpopulations. In the large and light HDL subfraction HDL2, the ratio is 1:2, and in small dense pre-HDL it is 10:1 ([@b2-ijmm-41-01-0061]). Apolipoprotein A-I (apoA-I) is the most abundant protein component ([@b3-ijmm-41-01-0061]) in HDL particles. ApoA-I constitutes \~70% of the protein content of HDL, followed by apoA-II, which constitutes 15--20% ([@b4-ijmm-41-01-0061]). The remaining proteins include apolipoprotein C (apoC-I, apoC-II and apoC-III), apolipoprotein E (apoE), apolipoprotein D (apoD), apolipoprotein M (apoM), apolipoprotein A-IV (apoA-IV) and other proteins that are involved in lipid metabolism, including lecithin:cholesterol acyl transferase and cholesteryl ester transfer protein. Proteomic studies ([@b5-ijmm-41-01-0061]--[@b8-ijmm-41-01-0061]) have identified ≥75 different proteins that are contained in HDL obtained by ultracentrifugation.

Regarding disease states, HDL proteomic studies have observed substantial changes in HDL in individuals with cardiovascular disease ([@b8-ijmm-41-01-0061]--[@b11-ijmm-41-01-0061]), diabetes mellitus (DM) ([@b12-ijmm-41-01-0061]), chronic kidney disease ([@b13-ijmm-41-01-0061]--[@b15-ijmm-41-01-0061]) and rheumatoid arthritis ([@b16-ijmm-41-01-0061]) in comparison with healthy individuals, while the plasma HDL-cholesterol (HDL-C) did not change markedly ([@b8-ijmm-41-01-0061],[@b9-ijmm-41-01-0061]). Disorders such as atherosclerosis and type 2 DM cause a prominent chronic inflammatory state affecting endothelial cells, which induces a proteomic change of HDL with the subsequent impairment of their antiatherogenic, antioxidant and anti-inflammatory functions ([@b17-ijmm-41-01-0061]). HDL subpopulations are associated with stroke subtype; a previous study identified that smaller HDL-C particles were associated with a reduced risk of lacunar infarction (LACI) ([@b18-ijmm-41-01-0061]).

The biological mechanism underlying the beneficial role of small HDL particles in LACI is not well understood. It is considered that the anti-inflammatory effects of smaller HDL particles ([@b19-ijmm-41-01-0061],[@b20-ijmm-41-01-0061]) inhibit angionecrosis or microatheroma formation in cerebral vessels, and thereby reduce the risk of LACI ([@b21-ijmm-41-01-0061],[@b22-ijmm-41-01-0061]). Proteomics may be helpful in identifying the molecules associated with HDL that intervene in their inverse association with cerebrovascular disease, as the quantitative measurement of HDL-C level does not explain this satisfactorily ([@b23-ijmm-41-01-0061]). Proteomic analysis may drive a shift in the classical classification of HDL subfractions, from the previous physicochemical model towards a novel pattern based on their physiological function and pathophysiological roles ([@b24-ijmm-41-01-0061],[@b25-ijmm-41-01-0061]). In the present study, the HDL proteomes in patients with LACI and controls were investigated.

Materials and methods
=====================

Ethics statement
----------------

The study was approved by the Ethics Committee of Peking University First Hospital (Beijing, China). Written informed consent was provided by all patients and controls.

Subjects and biochemical analysis
---------------------------------

The study included 12 patients with LACI (7 males and 5 females, aged 45--69 years old) without any evident large vessel occlusions and 12 control subjects (7 males and 5 females, aged 48--62 years old). The patients and controls were recruited in the Neurology Ward of Peking University First Hospital from January 1, 2015 to March 31, 2015. Exclusion criteria were having infectious, inflammatory or autoimmune disorders, advanced kidney or liver failure, neoplastic disease, and a history of major surgery or trauma within the previous month. Patients with LACI were defined as having lacunar syndrome and signs, and brain neuroimaging evidence of an infarct of size ≤1.5 cm at a typical location ([@b26-ijmm-41-01-0061],[@b27-ijmm-41-01-0061]). The patient and control groups were equivalent with regard to sex proportion and age range. Blood samples were drawn into EDTA-coated tubes following an 8-h fast. Fasting blood glucose and creatinine were determined using a Beckman CX5 Automated Analyzer. DM was defined either as records of fasting blood glucose \>7.0 mmol/l, post-prandial blood glucose \>11.1 mmol/l or used to on anti-diabetic treatments. Hyperlipidemia was defined as abnormally elevated levels of any or all lipids or lipoproteins in the blood and needed treatment with lipid-lowering therapy. The plasma was obtained by centrifugation at 200 × g for 10 min at 15°C, and was reserved at −80°C. All plasma samples underwent 2 freeze/thaw cycles. Measurements of the total cholesterol, HDL-C and triglycerides in the plasma were conducted by biochemical assays using a Beckman CX5 Automated Analyzer (Beckman Coulter, Inc., Brea, CA, USA). The quantification of apoA-II, serum amyloid A (SAA) and apoC-III in the individual HDL samples was conducted by an immunoblotting assay. A sample containing 10 *µ*g total proteins was separated by 10% SDS-PAGE and blotted onto a nitrocellulose membrane. Anti-apoA-II (ab109897), anti-SAA (ab190802) and anti-apoC-III (ab76305) anti-bodies (all from Abcam, Cambridge, UK) were used as the primary antibodies. The primary antibodies were incubated at 4°C overnight. Horseradish peroxidase-conjugated goat anti-rabbit monoclonal antibody (cat. no. sc-2004; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; 1:1,000) was used as the secondary antibody. The secondary antibody was incubated at 25°C for 1 h. Antibody binding was detected using a Super Signal West Pico kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol.

HDL isolation from plasma
-------------------------

HDL particles (density, 1.063--1.21 g/ml) in the plasma were separated by sequential density ultracentrifugation using potassium bromide (KBr) as described previously ([@b28-ijmm-41-01-0061]). Briefly, the plasma density was adjusted to 1.3 g/ml with KBr, and normal saline (1.006 g/ml) was layered over the adjusted plasma to form a discontinuous NaCl/KBr density gradient. The tubes loaded with sample and gradient were placed in the P40ST rotor of an ultracentrifuge (model CP70MX; Hitachi, Ltd., Tokyo, Japan) and were centrifuged at 350,000 × g for 3.5 h at 4°C. The HDL layer was collected. The protein concentration was measured in triplicate using a Micro BCA kit (Pierce; Thermo Fisher Scientific, Inc.). The purity of the HDL was evaluated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis using goat anti-apoA-I polyclonal antibody (ab64308; Abcam) and quantified through the measurement of apoA-I content by nephelometry (Dimension XPand; Siemens Healthineers, Erlangen, Germany).

Mass spectrometry (MS)
----------------------

The specific gel band was excised and destained with 25 mM NH~4~HCO~3~ in 50% acetonitrile. Proteins were reduced by 10 mM dithiothreitol at 56°C for 30 min and alkylated using 50 mM iodoacetamide at 25°C for 30 min. After drying in 100% acetonitrile, the gel band was digested using sequencing grade trypsin (Promega Corporation, Madison, WI, USA) at 37°C overnight. The extracted peptides were suspended in 0.1% formic acid and subjected to nano liquid chromatography-MS/MS analysis. Peptides were eluted with a linear gradient from 5 to 40% of 100% acetonitrile and 0.1% formic acid at a flow rate of 300 nl/min using a self-made 100 *µ*m × 10 cm reversed-phase C18 fused silica emitter. The data-dependent mass spectra were acquired with an LTQ Orbitrap Elite mass spectrometer equipped with a nano-electrospray ion source (Thermo Fisher Scientific, Inc.). Raw mass spectra files were processed with Proteome Discoverer 1.4 (Thermo Fisher Scientific, Inc.) and searched using the SEQUEST search engine ([@b29-ijmm-41-01-0061]) against the human uniprot database (version 2014_02; <http://www.uniprot.org/>). The precursor ion mass tolerance was set to 10 ppm, and the MS/MS tolerance was 0.02 Da. Relative quantification was based on the ratio of the areas under the reporter peaks. Protein-protein interaction networks of differentially expressed proteins were constructed using STRING 9.1 (<http://string-db.org/>). The name of each individual protein was given as a query to the STRING database and the corresponding PPI information was retrieved by enabling different prediction methods. The networks were made with a confidence cutoff of 0.4.

THP-1 cell adhesion assay and determination of adhesion molecules by western blot analysis
------------------------------------------------------------------------------------------

The method used was as described previously ([@b30-ijmm-41-01-0061]). THP-1 monocytic cells were labeled with 3 *µ*g/ml 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester at 37°C for 30 min. The labeled cells were washed three times with phosphate-buffered saline (PBS), and were then resuspended in RPMI-1640 (R1640; Gibco, Paisley, UK) containing 0.1% bovine serum albumin (Gibco). The cell suspensions were overlaid (1.5×10^6^ cells/ml, 500 *µ*l/well) on confluent monolayers of human umbilical vein endothelial cells (HUVECs; CRL-1730; ATCC, Manassas, VA, USA) that had been grown in 12-well plates and treated with various types of HCL: HDL from the control group (HDL~n~), HDL from LACI patients (HDL~LI~) and HDL with an elevated level of apoC-III \[HDL/apoC-III; obtained after incubation of HDL with apoC-III (100 *µ*g/ml; TP306566; Origene, Beijing, China) for 2 h at 37°C\]. PBS treatment was used as a negative control. Following incubation for 15 min at 37°C, nonadherent THP-1 monocytic cells were removed by washing five times with prewarmed RPMI-1640 containing 0.1% bovine serum albumin. The number of THP-1 monocytic cells on the HUVECs was counted in four views using fluorescence microscopy at ×100 magnification to determine the number of adhering cells.

Western blot analysis was conducted to investigate the expression of vascular cell adhesion molecule-1 (VCAM-1) by the endothelial cells. The cells were washed twice with cold PBS, and the cytoplasmic proteins were collected using Nucleoprotein Extraction kit (BSP009; Shenggong, Shanghai, China) following the manuals. The proteins were quantified using Protein Quantitative kit (DQ111-01; Transgen Biotech, Beijing, China) following the manuals. A sample containing 30 *µ*g cytoplasmic proteins was separated by 10 or 15% SDS-PAGE and blotted onto a nitrocellulose membrane. Rabbit monoclonal antibody to VCAM-1 (ab134047; 1:1,000; Abcam) was used as the primary antibody and was incubated at 4°C overnight. Horseradish peroxidase-conjugated goat anti-rabbit monoclonal antibody (1:1,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) was used as the secondary antibody and was incubated at 25°C for 1 h. Antibody binding was detected using a Super Signal West Pico kit (Pierce; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation or number (%). Continuous data were analyzed using t-tests, while discrete data were analyzed using Chi-square tests. One-way ANOVA method was used for comparison of multiple groups. P\<0.05 was considered to indicate a statistically significant difference. The SPSS 16.0 software package (SPSS, Inc., Chicago, IL, USA) was used for data analysis. Gene Ontology (GO) analysis was conducted using DAVID bioinformatics resources (<http://david.abcc.ncifcrf.gov>) as described previously ([@b31-ijmm-41-01-0061],[@b32-ijmm-41-01-0061]).

Results
=======

Characteristics of the study population
---------------------------------------

The characteristics of the patients and controls are summarized in [Table I](#tI-ijmm-41-01-0061){ref-type="table"}. No difference in the proportions of sex, DM and hyperlipidemia was observed between the two groups. In addition, there was no difference in the plasma total cholesterol, triglyceride, HDL-C, fasting blood glucose and serum creatinine levels between the LACI and control subjects.

HDL proteomics
--------------

Proteins that had a differential expression of ≥1.5-fold or ≤0.67-fold relative in the LACI samples compared with the control samples were considered as differentially expressed. In total, 55 proteins were identified to be differentially expressed in the LACI and control groups ([Fig. 1](#f1-ijmm-41-01-0061){ref-type="fig"}). Among these 55 proteins, 33 were upregulated and 22 were downregulated in the patients with LACI compared with the control subjects. The level of LACI\'s haptoglobin was less compared to 1/5 of the control subjects.

The GO classification system was used to classify the identified proteins into different clusters according to biological processes and molecular functions. [Fig. 2](#f2-ijmm-41-01-0061){ref-type="fig"} shows the GO categories of the identified proteins. The differentially identified proteins were associated with numerous molecular functions, including lipid and cholesterol metabolism, inflammatory response, the complement and coagulation pathway, hemostasis, metal ion metabolism and endopeptidase inhibitory activity. Proteins associated with lipid/cholesterol transport and metabolism exhibited the most significant changes.

[Fig. 3](#f3-ijmm-41-01-0061){ref-type="fig"} shows an organic network that graphically depicts statistically significant correlations between identified proteins (nodes) as connecting lines (edges). Long/thin lines indicate weak correlations. Short/thick lines indicate strong correlations; tightly correlated proteins appear in the same color in the network. The differentially expressed proteins formed five different functional clusters, indicating an involvement in lipid metabolism, hemostasis, metal binding, hemoglobin metabolism and inflammatory response.

Biochemical confirmation of the differentially expressed proteins
-----------------------------------------------------------------

The expression levels of three proteins identified by MS analysis in the majority of the 12 LACI patients were evaluated by western blot assay to validate the difference observed. SAA (P\<0.001) and apoC-III (P= 0.007) were significantly upregulated whereas apoA-II (P=0.002) was significantly downregulated in the LACI patient group compared with the controls in the proteomic analysis. The results of the western blot analysis were in agreement with the MS findings, with the majority of the patients having a decreased level of apoA-II and increased levels of apoC-III and SAA ([Fig. 4](#f4-ijmm-41-01-0061){ref-type="fig"}).

HDL of LACI patients has an increased apoC-III content that impairs its anti-inflammatory function
--------------------------------------------------------------------------------------------------

The treatment of HUVECs with HDL~n~ reduced the binding of THP-1 cells to the HUVECs compared with the PBS-treated controls ([Fig. 5](#f5-ijmm-41-01-0061){ref-type="fig"}). However, HDL~LI~ had an impaired ability to inhibit the binding of THP-1 cells to HUVECs compared with HDLn (P\<0.01). HDL/apoC-III also exhibited a significantly reduced ability to inhibit the binding of THP-1 cells to HUVECs compared with HDLn (P\<0.01). The expression of VCAM-1 protein exhibited a response to the HDL treatments that paralleled the response of the binding ability. Treatment with HDL/apoC-III induced a significantly higher expression of VCAM-1 compared with HDL~n~ (P\<0.001). Treatment with HDLLI induced a significantly higher expression of VCAM-1 compared with HDLn (P\<0.05).

Discussion
==========

There are \~50 proteins associated with the HDL fraction that have been identified by previous studies using MS methods ([@b5-ijmm-41-01-0061],[@b7-ijmm-41-01-0061],[@b8-ijmm-41-01-0061],[@b13-ijmm-41-01-0061],[@b25-ijmm-41-01-0061],[@b33-ijmm-41-01-0061]). In the present study, 55 differentially expressed proteins were identified, which included the majority of the previously identified proteins ([@b19-ijmm-41-01-0061],[@b25-ijmm-41-01-0061]--[@b28-ijmm-41-01-0061],[@b30-ijmm-41-01-0061],[@b31-ijmm-41-01-0061]). The proteins identified as being associated with HDL are involved in numerous functions, including lipid metabolism, inflammatory response, the complement and coagulation pathway, and endopeptidase inhibitory activity. Several apolipoproteins and enzymes associated with lipid metabolism were detected, including apoA-I, apoA-II, apoC-III, apoA-IV, apoC-I, apoC-II, apoD, apoJ, apoE, apoF, apoL-I, apoM, phospholipid transfer protein and phosphatidylcholine-sterol acyltransferase. Other proteins that are involved in the inflammation response and oxidative pathways were also identified, including serum amyloid A proteins and certain complement components.

There were 55 proteins that were identified to be differentially expressed between the patients and controls in the present study. Among these proteins, three proteins that were differentially expressed in the majority of the 12 LACI patients were further validated using a biochemical method. The results of western blot analysis validated the increase of apoC-III and SAA, as well as the reduction of apoA-II in the HDL fraction of LACI patients compared with the controls.

Another notable finding in the present study was that an increased level of apoC-III in the HDL of LACI patients was associated with an impaired anti-inflammatory function. ApoC-III is a small apolipoprotein that is synthesized mainly in the liver and circulates in the plasma in association with apoB-containing lipoproteins and HDL ([@b35-ijmm-41-01-0061]). The main physiological processes that apoC-III is involved in are inhibition of lipoprotein lipase and hepatic lipase, and inhibition of the hepatic uptake of triglyceride-rich particles ([@b34-ijmm-41-01-0061]). Furthermore, apoC-III activates β-integrin, protein kinase C β and downstream VCAM-1 in monocytes, which increases the adhesion of monocytes to vascular endothelial cells ([@b35-ijmm-41-01-0061]). In the present study, the HDL of LACI patients, with its upregulation of apoC-III, had a reduced ability to inhibit leukocyte binding to endothelial cells. Furthermore, ApoC-III-rich HDL did not inhibit monocyte adhesion to endothelial cells, while the HDL of control subjects decreased the adhesion, suggesting that apoC-III in HDL reduces the anti-inflammatory property of HDL. This phenomenon clearly implies that the apoC-III metabolism is changed in cerebrovacular disease.

In addition to a reverse cholesterol transport function, HDL has other vasculoprotective effects, including antioxidative and anti-inflammatory properties ([@b4-ijmm-41-01-0061],[@b36-ijmm-41-01-0061],[@b37-ijmm-41-01-0061]). For instance, HDL attenuates low-density lipoprotein (LDL) oxidation, a critical process in the onset and aggravation of atherosclerotic plaques ([@b38-ijmm-41-01-0061]). Metal ions, such as iron or copper, may promote lipid peroxidation in the process of LDL oxidation ([@b39-ijmm-41-01-0061]). The present study identified a number of proteins associated with metal ion metabolism. The level of haptoglobin was decreased in the HDL fraction of LACI patients compared with that of the control subjects. Haptoglobin is an acute phase protein. It exclusively binds to hemoglobin and releases it into the plasma during physiological and pathological hemolysis, thereby preventing iron- and heme-mediated oxidative side effects ([@b40-ijmm-41-01-0061],[@b41-ijmm-41-01-0061]).

In conclusion, the present study revealed the proteomic changes of HDL in patients with LACI. There were 55 proteins that were identified to be quantitatively different between the patients with LACI and the control group, which were mainly associated with the processes of lipid metabolism, the inflammatory response, metal ion homeostasis, and the complement pathway. The expression levels of apoA-II, apoC-III and SAA were validated biochemically, and the results were consistent with the MS data. The ApoC-III enrichment of the HDL in patients with LACI may reduce the adhesion of THP-1 to endothelial cells, and thereby decrease the anti-inflammatory effect of HDL. Future studies with a larger number of subjects are required to determine whether the identified proteins are suitable and relevant risk biomarkers. Furthermore, the underlying mechanism of the apoC-III mediated HDL dysfunction requires elucidation.

![Relative abundance of proteins identified by MS from the HDL of patients with LACI and healthy controls. Data are from 12 subjects with LACI and 12 controls. The relative abundance of the HDL-associated proteins was assessed as described in Materials and methods. MS, mass spectroscopy; HDL, high-density lipoprotein; LACI, lacunar infarction.](IJMM-41-01-0061-g00){#f1-ijmm-41-01-0061}

![Gene Ontology category enrichments for the differentially expressed proteins in the high-density lipoprotein fraction. (A) Biological process and (B) molecular function of the differentially expressed proteins.](IJMM-41-01-0061-g01){#f2-ijmm-41-01-0061}

![Functional interaction network based on the String database and Gene Ontology classification. The green nodes correspond to proteins involved in hemostasis. The purple nodes correspond to proteins involved in metal binding. The yellow nodes correspond to proteins involved in lipid metabolism. The red nodes correspond to proteins involved in hemoglobin metabolism. The dark green nodes correspond to proteins involved in inflammatory response.](IJMM-41-01-0061-g02){#f3-ijmm-41-01-0061}

![Validation of apoA-II, SAA and apoC-III levels in high-density lipoprotein isolated from control and LACI subjects by western blot analysis. (A) apoA-II, apoC-III and SAA were quantified by western blot analysis. (B) Mass spectometry results of apoA-II, apoC-III and SAA between the patients and controls. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. the control by a two-tailed Student\'s t-test. apoA-II, apolipoprotein A-II; SAA, serum amyloid A; apoC-III, apolipoprotein C-III; LACI, lacunar infarction.](IJMM-41-01-0061-g03){#f4-ijmm-41-01-0061}

![HDL~LI~ and HDL/apoC-III have impaired ability to inhibit THP-1 cell adhesion. (A) THP-1 cell adhesion to endothelial cells (cells labeled with 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester). (B) Quantification of the THP-1 cell adhesion and (C) VCAM-1 expression of endothelial cells. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.01 vs. the PBS control ^\#\#^P\<0.01 vs. the PBS control. HDL~n~, HDL from the control group; HDL~LI~, HDL from patients with lacunar infarction; HDL/apoC-III, HDL with an elevated content of apolipoproten C-III; VCAM-1, vascular cell adhesion molecule-1.](IJMM-41-01-0061-g04){#f5-ijmm-41-01-0061}

###### 

Clinical characteristics of study subjects.

  --------------------------------------------------------------
  Features                        LACI patients\   control\
                                  (n=12)           (n=12)
  ------------------------------- ---------------- -------------
  Age (years)                     57±6             55±4

  Male, n (%)                     7 (58.33)        7 (58.33)

  DM, n (%)                       3 (25)           3 (25)

  Hyperlipidemia, n (%)           6 (50)           4 (33.33)

  Total cholesterol (mg/dl)       4.16±1.09        4.30±0.63

  Triglyceride (mg/dl)            1.65±0.69        1.70±0.55

  HDL cholesterol (mmol/l)        1.04±0.24        1.05±0.37

  Fasting blood glucose (mg/dl)   5.59±1.41        6.08±1.71

  Creatinine (mg/dl)              93.90±14.32      90.02±15.17
  --------------------------------------------------------------

Data expressed as mean ± standard deviation or number (%). LACI, lacunar infarction; DM, diabetes mellitus; HDL, high-density lipoprotein.
